INTRODUCTION

Electrodialytic soil remediation (EDR) is an electrokinetic remediation (EKR)
method, in which ion-exchange membranes are applied as barriers between soil and electrolytes. In order to solve an essential waste-problem of the remaining sludge after soil-washing, EDR of soil fines in suspension has been suggested as a potential treatment method. 1 Prior to treatment, the sludge contains the bulk of the contaminants washed out of the coarser fractions. In addition, the sludge has a high water-content (commonly up to 95%), and due to its surface properties, it is not easily dewatered. Thus soil washing, although successfully and efficiently implemented, produces not only a considerable fraction of cleaned materials, but also a significant volume of relatively more toxic material which is difficult to handle and not easily disposed of. The aim of the present work was to investigate the enhancement of the EDR process, already documented, 1 for the improved treatment of Pb-contaminated sludge by addition of a suiting enhancing reagent.
Enhancing reagents
The efficiency of various reagents for extraction of Pb and other heavy metals from soil during soil wash has been extensively investigated. The strong chelating agent ethylenediaminetetraacetic acid (EDTA) has been repeatedly and successfully tested. [2] [3] [4] Its suitability has, however, been questioned because of its low biodegradability and potential hazard to the environment. 5, 6 Similarly, enhancement of EKR with EDTA is well documented, [7] [8] [9] with the important note that although the extraction of Pb from soil by EDTA was shown to be pH-independent, 10 enhancement of EKR was obtained only at pH values above 5. 9 Chelating agents more susceptible to biodegradation such
as [s,s]-ethylenediaminedisuccinic acid (EDDS) and nitrilotriacetic acid (NTA)
extracted Pb less efficiently than EDTA due to a much stronger complexation of Pb by EDTA. 11 Besides chelating agents, organic acids possess potential to extract heavy-metals due to their complexing behaviour. In contrast to EDTA, extraction of Pb from soil by organic acids and their ammonium-salts was shown to be highly pH-dependent, 10 but in the pH range 2-7 citrate (0.2M) and tartarate (0.5M) extracted Pb as efficiently as EDTA. In addition, the organic acids were shown to act more gentle towards the soil by removing 80% less macronutrients (Ca, Mg, Fe) compared to EDTA. 10 In accordance, a substantial improvement of EKR of Pb from a spiked silt loam was demonstrated after citric acid addition at pH values between 3.3 and 5.4, 12 while EDR of Pb from municipal solid waste incineration (MSWI) fly ash was enhanced by addition of sodium citrate 13 and ammonium citrate 14 at alkaline pH values. Although acetate was shown to be a moderate extractant of Pb from soil, 10 several authors reported on the successful enhancement of EKR by acetic acid at low pH, 7, 12, 15, 16 however, less efficiently than by citric acid. 12 Altogether current knowledge supports the feasibility of enhancing EKR/EDR of soil by addition of either chelating agents or organic acids. The fact that biodegradable organic acids were shown to extract Pb as efficiently as the persistent EDTA, encourages the use of organic acids, such as citric acid and tartaric acid.
Heterotrophic leaching
Several authors suggested leaching by heterotrophic bacteria or fungi as an economical alternative method of extraction of valuable metals from non-sulfide, lowgrade ores in the mining industry.
17-19
The technique is based upon the ability of selected microorganisms to produce organic acids during growth, and their potential growth on cheap organic waste-products. Heterotrophic leaching was later suggested for treatment of industrial wastes, sewage sludge and heavy metal contaminated soil. [20] [21] [22] Most research within the heterotrophic leaching of contaminated materials was conducted with fly ash. It was shown that Aspergillus niger grew and produced gluconate in the presence of 10% (w/v) fly ash, while citrate was produced in its absence. Chemical leaching with commercial citric acid was only slightly higher than microbiological leaching. 23 In another study Penicillium simplicissimum was shown to produce citric acid in the presence of Zn-contaminated filter dust while no acid production was seen in its absence, 24 and it was shown how extraction of Pb from filter dust by yeasts isolated from seeping water, waste compost, and sewage was possible. 25 These studies suggest that growth and acid production would also take place in the presence of heavy-metal contaminated soil fines. The idea that microbial extraction of even very stabile Pb-compounds is possible, was suggested by Sayer et al., who observed growth of A. niger with pyromorphite as sole phosphate source.
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In addition, it was shown that application of direct current increased the metabolism of bacteria in soil slurries, 27 which supports the feasibility of heterotrophic leaching in combination with EDR/EKR.
In the present work, the feasibility of a new approach, in which combination of heterotrophic leaching and EDR of Pb contaminated soil fines in suspension, is studied. The aim of this technique is to induce production of organic ligands by heterotrophic organisms for complexation and mobilization of Pb prior to or simultaneously with removal of charged ligand-Pb complexes by EDR. Positive side effects such as mobilization of nutrients for increased heterotrophic leaching could be expected. The potential of the technology depends on the ability of organic acids to enhance EDR of Pb from soil fines. Our research comprises batch extraction experiments with 11 organic acids at neutral to slightly acidic pH, where acid producing fungi grow, and an experimental evaluation of the effect of addition of selected organic acids on EDR. The acids were all chose as naturally produced products of heterotrophic microorganisms. Before addition of the new reagent, the sample was washed with 10.0ml distilled water for 15 min, centrifuged at 3000 rpm for 15 min and the supernatant decanted.
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MATERIALS AND METHODS
Soil
All extractions were performed at room temperature under shaking at 100rpm unless otherwise mentioned.
All analyses were made in triplicate except CEC and sequential extraction, which were duplicated. (Table 1 ). All experiments lasted 240 hours and were designed with a liquid-to-solid-ratio (L/S) of 10.5 (37g soil, 390 ml liquid). The pH of malic and citric acid solutions was adjusted with NaOH. In the last three experiments (MA40N, CA40N and KC40) the reagent was allowed to react with the soil fines for 24 hours prior to application of the current. In four of the experiments (MA20N, CA20N, MA40N, CA40N ) compartment II was kept at pH 6 by manual addition of NaOH.
After each experiment, membranes were cleaned overnight in 1M HNO 3 , and electrodes were cleaned overnight in 5M HNO 3. Volumes of the cleaning acids, the electrolytes, and the solution in the middle compartment were measured followed by analysis of the cation-concentrations by AAS. The remaining soil mass was determined and the Pb concentration in the soil measured by AAS after digestion according to DS259 as described above. The mass balance for Pb was calculated as the mass of Pb found in the whole system after remediation (in soil, soil solution, electrolytes, membranes, and at electrodes) as a percentage of the total amount found in the soil prior to remediation. The current efficiency is defined, and was calculated as the fraction of the current passing through an electrolytic cell that accomplishes a specific chemical reaction (in this case transfer of Pb from the soil fines into the electrolyte). The current efficiency of the Pb removal was calculated as follows:
where Pb Q is the amount of current (moles) transferred by Pb
2+
, and tot Q is the total amount of current passed through the cell during remediation. Pb M is the mass of Pb transferred from the soil fines, Pb z is the valence of the species Pb (i.e. 2+),
Pb
MW is the molar weight of Pb. I is the current (in A) passed through the cell, t is the experimental time (in seconds), and F is the Faraday constant.
RESULTS
Soil characteristics: The characteristics of the soil fines are listed in Table 2 The first four experiments (DW20, MA20, CA20, NA20) were run under identical conditions except for the reagent in which the soil fines were suspended. From Table   3 it can be seen that the lowest final Pb-concentration in the soil fines was obtained in the experiment with nitric acid (NA20), followed by the experiment with distilled water (DW20), while less successful remediation was obtained in the experiments with malic acid (MA20) and citric acid (CA20). The distribution of Pb in the remediation cell after experimental remediation is given for all experiments in Figure   5 . Here it can be seen that the removed Pb was successfully transferred out of compartment II and into compartment III in the experiment with distilled water, while a large fraction of the Pb remained in the solution in compartment II in the experiments with nitric acid and malic acid. Almost all the Pb remained bound to the soil particles in the experiment with citric acid. The higher Pb-transport out of compartment II in the experiment with distilled water is reflected by a higher current efficiency (Table 3) in this experiment. The overall result of these four experiments is that distilled water is superior for EDR of Pb-contaminated soil-fines in suspension.
The pH-development in the middle compartment (II) during the first four electrodialytic remediation experiments (DW20, MA20, CA20, NA20) is illustrated in Figure 6 . This figure shows how the pH decreased in the experiment with distilled water as expected. 1 The pH in the experiment with nitric acid was initially slightly lower than in the experiment with distilled water; however, it increased during the first 80 hours to reach values similar to the distilled-water experiment. The pH in the organic acid experiments decreased slowly throughout the experimental period to reach a final pH of approximately 4.5.
Because the extraction experiments showed that Pb was more efficiently extracted at near neutral pH with the organic acids, experiments were made to show if the pH-drop in experiments MA20 and CA20 was responsible for the reduced remediation when adding these acids. In the following two experiments (MA20N and CA20N) the pH was kept between 6 and 7 in compartment II throughout the experiment . The results in Table 4 show that keeping the pH neutral worsened the result of remediation with malic acid slightly, while citric acid was more efficient, although still less efficient than either distilled water or nitric acid. Hence the pH-drop was not solely responsible for the reduced remediation.
The conductivity of the soil solution in the first four experiments ( Figure 7 ) was directly related to the concentration of added acid. The highest conductivity was seen in MA20, in which 1M malic acid was added. Compared to this, the conductivity was about half in CA20, in which 0.5M citric acid was added. The initial conductivity was only slightly elevated in NA20 with nitric acid (pH 1.4) compared to DW20, and by the end of the experiments, the conductivity had increased in DW20 beyond that of NA20. The conductivity decreased constantly in the organic acid experiments, because organic ligands were transferred out of the soil solution. This transport was confirmed by visible inspection of CA20, in which the anolyte turned yellow after only 24 hours with a clear intensification of the colour during the experimental period.
The fact that the conductivity was substantially higher in MA20 and CA20 compared to DW20, suggested that the current density in these experiments could be increased beyond what is ideal for remediation with distilled water. It was shown in a previous study that 20mA is the optimal current density for EDR of soil fines in suspension at L/S 10.5 with distilled water as reagent. 1 This hypothesis was tested by increasing current to 40mA in experiments with malic acid and citric acid (MA40N and CA40N) . In addition, additional experiments with nitric acid (NA40), and potassium citrate (KC40) at increased current densities were made. Potassium citrate was chosen because it required a large amount of NaOH to adjust the organic acids to near neutral values, and addition of the salts of the acids seemed more practical. In NA40 the concentration of nitric acid was increased compared to the concentration in NA20 to exceed the buffer capacity of the soil and increase the conductivity sufficiently to enable application of the higher current without induction of water splitting at the cation-exchange membrane. 1 In addition, the reagents were allowed to react with the soil fines for 24 hours prior to application of the current to make sure that the lack of remediation success with the organic acids was not due to insufficient reaction time to form complexes between Pb and the organic ligands.
From the results in Table 3 Remediation experiments: It is well established that the pH decrease occurring during EDR of fine grained materials suspended in distilled water is a result of water splitting at the surface of the anion-exchange membrane.
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Thus the pH decrease observed in DW20 ( Figure 6 ) is consistent with previous findings. The phenomenon of water splitting appears because the soil-suspension contains an insufficient amount of mobile anions available for migration across the anion-exchange membrane to compensate for the more abundant mobile cations, which are transferred across the cation-exchange membrane. The slower pH-decrease seen in MA20 and CA20 is likely to result from reduced water-splitting because of the higher concentration of mobile anions (the organic ligands of the acids) in the suspension and the buffer effect of the organic acid itself. The slightly slower pH-decrease in NA20 compared to DW20 could likewise be a result of the nitrate added with the acids.
The less successful remediation obtained in the experiments with malic acid and citric acid could be explained by the observed pH decrease, which may result in changes in the speciation of Pb towards less mobile species. Such changes were confirmed by the results of the extraction experiments, which showed less mobility at lower pH when adding organic acids. We modeled the speciation of Pb in the presence of malate and citrate by use of the programs HYDRA/MEDUSA (Puigdomenech I (http://www.kemi.kth.se/inorg/medusa)) using equilibrium constants for malate from Smith and Martell.
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The results are shown in Figures 8 and 9 .
The impeded transport of Pb into electrolytes after addition of the organic acids in MA20 and CA20 could well be explained by the prevalence of uncharged complexes at pH values below 5. In particular neutral complexes dominate between malate and Pb, which may explain the observed extraction without subsequent transfer of Pb in MA20. The fact that remediation was not enhanced in MA20N, however, suggests that other mechanisms are dominating, or else the Pb-malate system may not be sufficiently well described. The Pb citrate system is indeed more detailed ( It was previously observed that EDR of sediments may be less efficient when acids are used as suspending fluid as compared to distilled water. This effect was suggested to arise from the competitive transfer of the ions from the acids in the current field. 34 An effect, which may also explain the results of the experiments with nitric acid (NA 20 and NA40) of this work, in which substantially better remediation was obtained at the elevated current density, and supported by the fact that the conductivity was higher when acid was added (Figure 7 ). When the organic acids were used, the same effect was, however, not observed; hence competitive transfer of the ions from the acids can also not explain the impeded remediation when these acids were used.
Overall, the results may be due to a combined effect of size-exclusion, reduced The overall result of our work is to reject the feasibility of using organic acids as enhancing reagents during EDR in suspension. Thus combination of EDR and heterotrophic leaching does not seem to be a potential method of remediation for contaminated sludge from soil washing. Addition of nitric acid in combination with an increased current density is, in contrast, a qualified suggestion for promotion of EDR of Pb contaminated soil fines in cases where the removal rate is considered to be more important than the energy expenditure and the acid consumption. 
